ABSTRACT. The Varroa destructor mite has become the greatest threat to Apis mellifera health worldwide, but rarely causes serious damage to its native host Apis cerana. Understanding the resistance mechanisms of eastern bees against Varroa mites will help researchers determine how to protect other species from this organism. The A. cerana genome has not been previously sequenced; hence, here we sequenced the A. cerana nurse workers transcriptome and monitored the differential gene expression of A. cerana bees challenged by V. destructor. Using de novo transcriptome assembly, we obtained 91,172 unigenes (transcripts) for A. cerana. Differences in gene expression levels between the unchallenged (Con) and challenged (Con2) samples were estimated, and a total of 36,691 transcripts showed a 2-fold difference (at least)
INTRODUCTION
Varroa destructor is a parasitic mite that damages bees both physically and physiologically by feeding on the hem lymph of developing and adult bees (Rosenkranz et al., 2009) . Importantly, the mite also serves as a vector and inducer of several highly pathogenic honeybee viruses, causing severe damage to bee colonies and often leading to colony death (Annoscia et al., 2012) . Numerous honeybee viruses are associated with Varroa mite infestation, most notoriously colony collapse disorder (Highfield et al., 2009; Cornman et al., 2012) and deformed wing virus (Prisco et al., 2012) .
V. destructor switched from its native host from Apis cerana to Apis mellifera 4 decades ago, later spreading to nearly all parts of the world (Sammataro et al., 2000) and becoming the greatest threat to A. mellifera health worldwide. The need for regular mite control treatments (typically chemical acaricides) to control the parasite population in western honeybee apiculture efforts (Annoscia et al., 2012) resulted in the rapid evolution of mite resistance against these chemicals, decreasing their efficiency (Damiani et al., 2009; Kanga et al., 2010) . These control treatments often contaminate apicultural products (honey, pollen) with acaricide residues (Karazafiris et al., 2008) . As such, alternative strategies are needed to fight V. destructor that will neither facilitate parasite resistance nor contaminate bee products (Behrens et al., 2012) . Breeding Varroa-resistant honeybees is an ideal strategy, as it either reduces or eliminates the need for acaricides without requiring additional Varroa control measures. Vast resources and attention have been invested in the breeding of V. destructor-resistant A. mellifera (Rinderer et al., 2010) by searching for quantitative trait loci and identifying Varroaresistant honeybee genes.
Although A. mellifera are susceptible to these mites of Asian origin, frequently resulting in colony disintegration, the mites rarely cause serious damage to their native hosts, A. cerana (Oldroyd, 1999) . In fact, in some locations in China, it is difficult to find even a single Varroa mite within an A. cerana population. Natural selection for benign host-parasite interactions may play a role in these relationships, allowing for co-existence between eastern bees and mites. Several factors have been implicated in this interaction, including grooming T. Ji et al. and hygienic behavior and differences in developmental timing. The mechanisms underlying the genetic differences in the eastern Varroa-resistant bees remain unclear. Quantitative trait loci mapping techniques have been used to study gene expression, identify resistance genes (Parker et al., 2012) , and identify chromosomal regions that contain genes influencing specific traits in resistant and susceptible A. mellifera lines (Behrens et al., 2012; Tsuruda et al., 2012) . However, these studies used different breeding lines. As such, candidate genes and quantitative trait loci were difficult to confirm in other studies. Furthermore, Varroa resistance is likely regulated by several genes and markers, and A. cerana is an aggregate of several resistance characteristics. Rath and Drescher (1990) found that it is necessary to thoroughly clarify the relationship between Varroa and A. cerana before the relationship between Varroa and A. mellifera can be discerned.
To identify essential genes involved in the response of honeybees to Varroa infection, we utilized the Illumina Solexa sequencing method to determine the head transcriptome of A. cerana worker bees and monitor their expression transcripts after Varroa infection. The objective of this study was to identify genes likely to be involved in V. destructor resistance and ultimately provide information that can be used to develop an environmentally friendly method for protecting A. mellifera from this serious parasite.
MATERIAL AND METHODS

Honeybee colonies and Varroa challenge
The A. cerana population was bred in the Guangdong Entomological Institute, Guangzhou, China. We selected a piece of honeycomb from an infested brood within an A. mellifera colony containing mature female mites in worker brood cells and several capped worker brood cells and capped drone brood cells (Tan et al., 2002) . The comb was then introduced into the A. cerana colony. Nurse workers of the A. cerana colony were collected both before and after 24-h challenge. Additionally, nurse workers exhibited marked grooming and removal of Varroa mites. Control treatments were applied, which included non-parasitized samples referred to as Con, while parasitized samples were referred to as Con2. To assess the grooming behavior and removal rate, a white sheet was placed onto the hive bottom of the former 4 colonies to count the dead mites killed by A. cerana nurse bees (Figure 1 ).
Sibling estimation by microsatellite genotyping
To minimize the effect of genetic variation, pools of full-sister workers (related by 75% due to haplodiploidy) were collected in equal numbers from the 2 colonies (Navajas et al., 2008) . To identify full sisters, we genotyped 100 bees from each colony using the Ap53 and A107 microsatellite loci (Franck et al., 1999) .
DNA was extracted from the thorax, amplified by polymerase chain reaction (PCR), and scored on an 8% polyacrylamide gel using an ABI 377 automated DNA analyzer (Applied Biosystems, Foster City, CA, USA). Electropherogram processing was performed using the GENESCAN3.1 software (Applied Biosystems), and allele-sized scoring was conducted using the Binthere software (Applied Biosystems). The genotype data were used to assemble sets of 10 workers belonging to the same full sibling group. This procedure minimizes the effects of intracolonial genetic variation on gene expression.
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RNA extraction, library preparation, and sequencing
Total RNA was extracted from the head of the samples (each pooled from 30 honey bees) using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). A Qubit fluorometer (Invitrogen) and an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA, USA) were used to determine the quality and quantity of RNA. The mRNA was enriched using oligo(dT) magnetic beads, then broken into short fragments (approximately 200-700 nt) using fragmentation buffer (Invitrogen). For first-strand cDNA synthesis, the mRNA fragments were used as the template, and a random hexamer primer was used according to manufacturer instructions. Following second-strand synthesis, the double-stranded cDNA product was purified using the QiaQuick PCR extraction kit (Qiagen, Hilden, Germany) and washed with EB buffer for end repair and poly(A) addition. Finally, sequencing adapters were ligated to the fragments, and the fragments were purified by agarose gel electrophoresis and enriched by PCR amplification. The library products were sequenced using the Illumina HiSeq TM 2000 system (San Diego, CA, USA).
De novo transcriptome assembly and analysis of transcriptome sequencing results
The de novo transcriptome assembly process was conducted using the Trinity short reads assembly program (Grabherr and Haas, 2011) . Functional annotation information was obtained from Clusters of Orthologous Groups (COGs) and Gene Ontology (GO) for the unigenes. Unigene sequences were first aligned using BLASTX to protein databases, such as nr, Swiss-Prot, KEGG, and COGs (e-value < 0.00001) and then aligned using BLASTn to nucleotide databases nt (e-value < 0.00001) to retrieve proteins with the highest sequence similarity to the unigenes along with their protein functional annotations.
Differentially expressed gene (DEG) identification
The unigene expression calculation uses the reads per kb per million reads method ( Mortazavi and Williams, 2008) , and expression between two samples can be calculated using the false discovery rate (FDR) method. The FDR method has been used to determine the P value threshold in multiple tests and analyses (Benjamini and Yekutieli, 2001) . In our analysis, we considered genes with FDR ≤ 0.001 and a ratio >2 to be significantly differentially expressed. DEGs were then analyzed using GO functional analyses and KEGG pathway analyses.
Different genes typically work cooperatively to exercise their biological functions. Pathway-based analysis helped to identify a gene's biological functions. Pathway enrichment analysis using public pathway-related databases, such as KEGG, were used to identify significantly enriched metabolic pathways or signal transduction pathways in DEGs compared with the entire genome. This pathway enrichment method was used to determine the main biochemical and signal transduction pathways in which the DEGs participate.
DEG quantification using real-time quantitative PCR (RT-qPCR)
The results of high throughput sequencing were confirmed by measuring the expression of 8 differentially regulated genes with potential roles in Varroa resistance using RTqPCR. These analyses were carried out using unchallenged (Con) and challenged (Con2) samples. The t-test was carried out to analyze the differentiation significance of mRNA expression between Con and Con2 using the SPSS 11.0 software (SPSS, Inc., Chicago, IL, USA). Primer sequences for the 8 target genes and the internal control gene (actin) are listed in Table 1 . 
RESULTS
Sequencing and assembly
Two pools of mRNA samples (each from Con and Con2) were used to build libraries for the high-throughput parallel sequencing process using Illumina sequencing technology. After conducting cleaning and quality checks, we obtained 49,380,841 and 51,268,675 clean reads for Con and Con2, respectively. All high-quality reads were assembled de novo using the Trinity program, first into contigs and then using sequence overlap information until the contigs were no longer extended. This assembly produced 74,891 and 116,013 contigs from Con and Con2, with average lengths of 512 and 277 base pairs (bp) and N50s (N50 represents median length of all contigs) of 1448 and 373 bp, respectively. Using the paired-end joining and gap-filling techniques, the contigs were further assembled into unigenes that could not be extended on either ends. We obtained a total of 70,620 and 61,815 unigenes from Con and Con2, respectively, with final unigene N50 lengths of 3458 and 1090 bp, respectively. We generated 91,172 all-unigene sequences from both samples with an average length of 1858 bp, a final all-unigene sequence N50 length of 3774 bp and a total length of 169,402,078 bp.
Functional transcriptome annotation
Because genomic information for A. cerana was lacking, we performed BLAST alignments (e-value < 1.00E-5) against the NCBI NR, NT, SwissProt, GO, and KEGG databases to identify the putative functions of the all-unigene sequences. A total of 63,496 all-unigenes (69.6% of all) matched 1 or more of the databases, more than half of the unigenes (55.04%) matched the western bee (A. mellifera) from the nr database, and 26.57% matched Apis florea (Table 2) . According to GO classifications, 85,577 unigenes were categorized into biological process (85,577 members), cellular component (48,194 members) , and molecular function (29,301 members) (Figure 2 ). Most cellular components were categorized into cell (10,323; 21.42%) and cell parts (10,323; 21.42%). Within the molecular function category, binding (11,370; 38.80%) and catalytic (11,042; 37.68%) activities were dominant. Within the biological process category, cellular (14,797; 17.29%) and metabolic (10,371; 12.12%) processes were the most highly represented terms. We also searched annotated sequences for genes involved in COG classifications. A total of 23,790 sequences had a COG classification (Figure 3) . Among the 25 COG categories, "general function prediction only" represented the largest group (10,447 members), followed by "replication, recombination, and repair" (4794 members), "transcription" (4203 members), "translation, ribosomal structure, and biogenesis" (4113 members), and "signal transduction mechanisms" (3362 members). The categories representing extracellular structures (37 members) and nuclear structures (25 members) were the smallest groups (Figure 3) . We also mapped the annotated sequences to the reference canonical pathways in the KEGG database. We assigned a total of 39,625 sequences to 258 KEGG pathways. The pathways with the greatest representation of unique sequences were the metabolic pathways (4793 members), followed by regulation of the actin cytoskeleton (1650 members), those related to focal adhesion (1486 members), and pathways in cancer (1456 members) (data not shown). 
DEGs in the Con and Con2
Differences in gene expression levels between the Con and Con2 libraries were used to scan for genes associated with Varroa resistance. An FDR < 0.001 and absolute value of |log2Ratio| ≥ 1 were used as the statistical significance threshold. Transcripts with at least a 2-fold difference between the 2 libraries are shown in Figure 4 . A total of 36,691 identified genes were differently expressed between Con and Con2. Of these, 17,799 were downregulated and 18,892 were upregulated in Con2 bees.
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GO functional enrichment and KEGG pathway enrichment analyses
We identified 6 significantly enriched GO terms in DEGs compared to the genome background and found that binding was the most significantly enriched GO term in the former. Other identified GO terms were related to structural molecular activity and structural ribosomal constituents (data not shown). Pathway enrichment analysis identified significantly enriched pathways in the DEGs by comparison with the whole genome background. We found that 258 pathways were affected by 5721 DEGs; of these, 50 pathways with a Q-value ≤ 0.05 were significantly enriched. The most significantly enriched pathways included metabolic pathways (1528 DEGs), RNA transport (428 DEGs), and spliceosomes (328 DEGs) ( Table S1 ).
Highly expressed transcripts in Con and Con2 colonies
A total of 272 DEGs with differences more than 15-fold and 265 unigenes were present at higher levels in the Con2 colony compared to the Con colony, while 7 were present at lower levels, suggesting that numerous additional genes were highly upregulated in the Con2 colony compared to the Con colony. Among the 7 downregulated unigenes in the Con colony, 3 were unknown and none of the remaining 4 appeared to be related to Varroa resistance. Among the 265 upregulated unigenes in the Con2 colony, several appeared to be involved in Varroa resistance, including genes related to skeletal muscles (troponin and calcium-transporting ATPase), olfactory sensitivity (odorant binding protein 4, 17, 18, and Down syndrome cell adhesion molecule gene), and transcription factors [cyclic adenosine monophosphate (cAMP) responsive element-binding protein-like 2-like and transcription factor mblk-1-like (Mblk-1)] (Table 3 ). To compare gene expression levels, each library was normalized to 1 million tags. The red dots indicate transcripts that were more prevalent in the Con library, the green dots indicate transcripts that were more prevalent in the Con2 library, and the blue dots indicate transcripts that were similar in both libraries. A false discovery rate ≤0.001 and a log 2 ratio ≥1 were used as the threshold of statistically significant gene expression differences.
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Verification of DEGs
To further evaluate the DEGs, 8 differentially regulated genes with potential roles in Varroa resistance were analyzed by RT-qPCR. Differentiation of expression of these 8 target genes between Con and Con2 were significant (P < 0.05); the ratio of Con and Con2 are shown in Table 4 . Consistent expression patterns were observed in transcriptome analysis, despite some quantitative differences in expression level. Their significant agreement indicated that the abundance of Illumina sequences from the A. cerana transcriptome represented the actual expression level. Table 3 . Genes with potential roles in Varroa resistance. 
DISCUSSION
Numerous studies have shown that grooming and hygienic behaviors are the most important mechanisms of Varroa resistance in A. cerana. Grooming behavior has been measured in A. mellifera, but less frequently than in A. cerana (Bienefeld et al., 1999) . Troponin and calcium-transporting adenosine triphosphatase (ATPase) were highly upregulated in Con2, indicating that troponin and calcium-transporting ATPase may play important roles in the grooming and hygienic behaviors.
Troponin is involved in striated muscle excitation contraction as the main regulatory protein. The troponin complex is composed of 3 subunits, including troponin C, troponin I, and troponin T, and mediates the thin-filament response to calcium when striated muscular contraction is initiated. In mammalian systems, extensive studies (O'Connell et al., 2008) have addressed the structure-function relationships between Tpn complex subunits. When Ca 2+ binds to troponin C, this polypeptide undergoes a conformational change to alter its interaction with troponin I, releasing inhibitory troponin I-actin binding, and allowing movement of the troponin-tropomyosin complex on the F-actin; this increases myosin's ability to bind to actin and thus promotes contraction. Studies in insects have focused on the function of tro-ponin within the muscles responsible for flight in the adult thorax (Herranz et al., 2005) . These muscles, known as indirect flight muscles, are responsible for wing beating, while the tergal depressor of the trochanter muscle is responsible for a fly's ability to jump at take-off. The high troponin expression detected within the heads of bees from the Con2 colony indicated that striated muscles within the heads of these bees contract and relax strongly upon Varroa infection.
In skeletal muscle, calcium-transporting ATPase can control muscle contraction and heat production, activities that signal the metabolism of various cells (Sørensen et al., 2004) . The highly differential expression of calcium-transporting ATPase between the Con and Con2 colonies also suggests that A. cerana showed stronger muscle movements upon Varroa infection. There are also reports of mites that were injured by the mandibles of worker bees (Rosenkranz et al., 1997) . A. cerana worker bees (nurse-age worker bees) can also detect capped broods infested by V. destructor; in such cases, the bees open the infested cells to remove the mites, a phenomenon known as hygienic or removal behavior (Boecking, 1992) . Both of these behaviors require the use of the muscles in the head, particularly in the mandibles, so high expression of troponin and calcium-transporting ATPase indicates that these genes may play important roles in the grooming and hygienic behaviors.
Many studies have suggested that bees with the greatest olfactory sensitivity generally initiate hygienic behavior first because they can detect and accurately discriminate between abnormal and normal broods at low stimulus intensities (Martin et al., 2001; Swanson et al., 2009) . Differences in olfaction may account for bee tolerance to Varroa as well as increased grooming and hygienic behavior, both of which are known to be involved in Varroa tolerance (Navajas et al., 2008) . The differential expression of 3 members of the odorant binding protein (obp) family (obp4, obp17, and obp18) according to bee genotype is very important considering that in A. cerana, olfaction may play an important role in the detection of Varroa-infested cells.
The recognition and discrimination of thousands of odorous compounds is mediated by olfactory sensory neurons. In insects, chemosensory neurons are surrounded by an aqueous milieu that acts as a barrier for volatile primarily lipophilic molecules. Thus, many airborne molecules, such as hydrophobic odorants and pheromones, must first be recognized by a specialized class of proteins that facilitate their delivery to olfactory receptors. It is widely accepted that this function is provided in insects by obps (Deyu and Leal, 2002) . As such, upregulation of the 3 obps may support the bees' strong ability to detect Varroa. Among the 3 obps, only obp4 was expressed exclusively in the antennae of adult A. mellifera bees, while obp17 and obp18 were ubiquitously expressed in all adult body parts (Forêt and Maleszka, 2006) , suggesting that obp17 and obp18 are also involved in other physiological functions and that obp4 may be the most important gene in the sensitive olfactory sensation of A. cerana. Furthermore, the Down syndrome cell adhesion molecule gene, which is also involved in olfaction (Hummel et al., 2001) , was upregulated in the Con2 colony. The differential expression of this group of genes is very important as olfaction plays an important role in the detection of Varroa-infested cells.
Behavior is influenced by both heritable and environmental factors, sometimes via massive changes in brain transcriptomes (Robinson, 2004) . Behavior-specific neurogenomic states can be inferred from the coordinated action of transcription factors and their predicted target genes. Two transcription factors, cAMP-responsive element-binding protein-like 2-like and Mblk-1, were significantly upregulated in the Con2 colony. The identification of possible target genes for Mblk-1 and cAMP-responsive element-binding protein as well as their biological functions may provide important clues to the molecular basis of Varroa resistance mechanisms in A. cerana.
Mblk-1, a transcription factor involved in the neuronal circuits of mushroom bodies (MBs), is preferentially expressed in the mb of the honeybee brain (Takeuchi et al., 2001; Park et al., 2003) . Grooming and hygienic behaviors are social behaviors in honeybees that may require complex processing of sensory information. However, little is known regarding the molecular basis of their highly advanced behavior. MBs are thought to be involved in sensory integration, learning, and memory in insects (Groh et al., 2006) . Honeybee MBs are well-developed compared with those of other insects (McQuillan et al., 2012) , suggesting that MB function is closely associated with advanced honeybee behaviors. Because Mblk-1 and its target genes are preferentially expressed in the MB, they may play an important role in grooming and hygienic behaviors. The cAMP-responsive element-binding protein is a cAMPresponsive transcription factor that has been implicated in the activation of protein synthesis required for long-term facilitation, a cellular model of memory (Warburton et al., 2005) . The cAMP signaling system plays critical roles in producing long-term memories (LTM), or longterm synaptic plasticity considered to underlie LTM formation, in insects. cAMP-responsive element-binding protein activation leads to long-term protein synthesis-dependent synaptic plasticity underlying LTM formation . These findings suggest that LTM, such as olfactory learning, formed when eastern honeybees developed Varroa resistance (Dupuis et al., 2012) . Accordingly, we hypothesize that A. cerana forms an LTM of specific V. destructor odors so that they can easily recognize mites during the next infestation.
V. destructor is the greatest threat to the honeybee, A. mellifera, worldwide, where it rarely causes serious harm to its native host, the eastern honeybee, A. cerana. The mechanisms underlying the genetic resistance of A. cerana to Varroa mites remain unclear. In this study, we identified genes involved in resistance to Varroa including unigenes related to the movement of skeletal muscle, olfactory sensitivity, and transcription factors. This finding confirmed that hygienic behavior and grooming behavior may play important roles in the resistance to Varroa. However, regulation nets among these genes should be investigated in future studies.
